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A Truffle in the Mouth Is Worth
Two in the Bush: Odor
Localization in the Human Brain
It is widely thought that locating the source of a smell
is an ability best left to nonhuman members of the
animal kingdom. In this issue of Neuron, two comple-
mentary articles highlight the neural mechanisms un-
derlying the localization of an odor, either to the left
or right side of the nose (Porter et al.) or to the inside
or outside of the mouth (Small et al.). Together, these
studies validate the idea that the human brain is
equipped with the apparatus necessary to pinpoint
the location of an odor source.
Every winter the truffle hunters descend upon the oak
forests of Provence in search of black truffles, subterra-
nean fungi endowed with a captivating fragrance de-
scribed as being simultaneously seductive and sicken-ing. A human leads the search through the wooded
terrain, but it is a dog or a pig that is the true catalyst
of this enterprise. Nose to the ground, the animal
combs the forest floor, perhaps traversing several
miles, before finding the fungal quarry that may reside
twelve inches or deeper below ground. On occasion,
human animals will hunt truffles in the absence of dogs
or pigs, but these individuals rely more on extra-olfac-
tory information, such as the sight of flies or dead fo-
liage at the base of a tree, than on actual odor signals
emanating from the fungus. Indeed, the idea that hu-
mans are incapable of such olfactory feats has largely
gone unchallenged, and it remains unclear whether the
human brain even has the machinery to localize odor
sources.
How would an olfactory-minded animal go about
tracking a scent? As discussed by Wilson and Sullivan
(1999), an animal might rely on either of two basic strat-
egies (or both) to localize a smell within an olfactory
gradient. Either it could compare odor intensities be-
tween current (N) and prior (N-1) sniffs (an approach
independent of two nostrils), or it could compare con-
centration and/or timing differences in the arrival of the
odor at each side of the nose (a two-nostril-dependent
approach). This latter timing mechanism is the basis for
localization in the auditory and somatosensory sys-
tems, and a seminal psychophysics study by von
Békésy (1964) indicated that olfactory localization might
be achieved in the same way. He showed that human
subjects were able to determine the position of a small
odorous ball (placed 8 cm from the nose) with a
precision of 7°–10° from the midline. Moreover, closing
one nostril severely reduced subject performance, sug-
gesting that effective odor localization was based on
concentration/timing differences with which odor reaches
the two nostrils. On the other hand, it would be an un-
derstatement to say that the majority of efforts to de-
monstrate directional smelling of a pure odor stimulus
have been unsuccessful, with most investigators con-
cluding that whatever ability human subjects have to
lateralize a smell to the left or right nostril is actually
founded on somatosensory (trigeminal) properties of
the stimulus (e.g., Kobal et al., 1989; Radil and Wy-
socki, 1998).
Odor source localization also appears to engage the
human nose in a different way. When an aqueous (but
tasteless) olfactory stimulus is placed into the mouth,
subjects consistently interpret the sensation as a taste,
rather than a smell, and state that the flavor is centered
on the tongue, even though the sensory perception is
principally mediated via the olfactory system (Murphy
et al., 1977). This phenomenon led Rozin (1982) to the
concept of olfaction as a dual-sense modality, whereby
an odor may be perceived externally through the
nostrils (“orthonasal” stimulation) or internally through
the mouth (“retronasal” stimulation). In both instances,
the odor perception must originate at the olfactory re-
ceptor sheet in the nasal mucosa, but in the retronasal
case, it is mistakenly localized to the mouth rather than
the nose. To explore the apparent duality of olfaction
more formally, Rozin trained subjects to identify a set of
exotic, unfamiliar foods by smell (orthonasal) and then
asked them to identify these foods by taste (retronasal).
This preliminary study indicated that identification was
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474much impaired on the taste test, suggesting that where l
ethe stimulus is perceived has a marked influence on
what the stimulus smells like. c
cIn this issue of Neuron, Porter et al. (2005) and Small
et al. (2005) have provided compelling neuroimaging c
Pevidence for mechanisms in the human brain underly-
ing odor source localization. In the burgeoning field of v
(olfactory imaging, both studies stand apart for their ex-
perimental innovations and technological sophistica- a
stion, and they signal a fresh approach to characterizing
the neural substrates of human olfaction.
lIn the article by Porter et al. (2005), subjects un-
derwent functional magnetic resonance imaging (fMRI) i
wwhile performing a task involving either odor localiza-
tion (left versus right nostril) or odor identification. Im- u
(portantly, a custom-designed nasal mask was divided
into two compartments by a midline septum to permit t
amonorhinal delivery of odor to one nostril and odorless
air to the other nostril. Fitted with this mask, subjects c
icorrectly identified the side of odor stimulation 70% of
the time, significantly better than chance—a pattern t
ithat was observed for both pure and trigeminal odor-
ants (phenyl ethyl alcohol, eugenol, amyl acetate, and p
ipropionic acid, in order of increasing trigeminality). This
striking result suggests that when behavioral condi- m
ntions are optimized, humans have the capacity to local-
ize even pure (nontrigeminal) olfactants. o
iThe authors also conducted a series of control
studies to rule out the possibility that nonolfactory cues i
icould have guided performance on the localization task.
First, when air was delivered through the mask instead d
1of odor (and subjects were instructed to detect any
change in the airstream), localization was at chance. c
tMoreover, when the mask septum was removed, sub-
jects were no longer able to localize the odorants, de- j
tspite intact odor identification. Finally, five anosmic
subjects who were tested in this paradigm were able to t
ilocalize a trigeminal odorant, but not a pure olfactant.
Together, these data confirm that subjects were not re- t
slying on trigeminal or other nonolfactory features within
the apparatus to localize the stimuli to the left or right i
lnostril.
Finally, the authors examined the neural correlates
osubserving this behavioral effect. Compared to odor
identification, odor localization was associated with s
rneural activity in the superior temporal gyrus (STG), and
correct trials evoked greater activity than did incorrect w
ctrials, consistent with the idea that the STG may sup-
port successful odor localization. As this region is com- p
omonly implicated in spatial crossmodal integration of
visual and auditory information (Calvert, 2001), the b
tpresent result suggests that similar mechanisms may
be applicable to the chemical senses. It also accords 2
owith recent data showing olfactory-visual integration in
an adjacent area of the superior temporal sulcus (Gott- p
Tfried and Dolan, 2003), which could further promote
odor source localization in more naturalistic contexts. o
tNotably, the imaging analysis also revealed a significant
effect in the temporal piriform cortex (PirT), principally t
Sdriven by a relative response decrease to incorrect lo-
calization trials. This finding is more difficult to inter- u
Hpret, as there was no discernible response difference
between correct localization and correct identification. r
aTherefore, it is unclear to what extent the PirT is se-ective for successful odor localization, though Porter
t al. suggest that differential activation nevertheless
orrelated with behavioral accuracy and may be suffi-
ient to inform odor localization. This finding was ac-
ompanied by right nostril-specific responses in the left
irT, irrespective of task, which might ultimately pro-
ide the neural substrate essential for making binostril
binaral) comparisons in the service of localizing odor,
s previously proposed in rodent piriform cortex (Wil-
on, 1997).
One issue deserving future consideration is to estab-
ish whether the human nose is truly capable of localiz-
ng pure olfactants in ecologically valid settings, or
hether left/right odor localization is contingent on the
se of a well-designed nasal mask. That such a mask
with a customized septum) confers a spatial advan-
age is evident. What remains less clear is how the
uthors’ behavioral findings fit within the real-world
ontext of human olfaction. For example, if odor local-
zation is truly an intrinsic function of the human nose,
hen the nasal mask has simply enhanced a pre-exist-
ng ability that is just more difficult to demonstrate ex-
erimentally with a mask-free nose. On the other hand,
f odor localization is totally beyond the scope of hu-
an prowess, then the mask has introduced an entirely
ew ability that is otherwise not possible for the native
lfactory apparatus to achieve. Whether the nasal mask
s exaggerating a pre-existing function, or implement-
ng a new function, awaits further investigation. Finally,
t should be added that the fact that airflow routinely
iffers between the two nostrils (Hasegawa and Kern,
977) presents somewhat of a paradox, for if odor lo-
alization is really based on binaral differences in the
iming and magnitude of an odor stimulus, then a sub-
ect might tend to localize odor to the high-flow (versus
he low-flow) nostril, regardless of its source. In the ex-
reme case of one nostril having no flow, binaral local-
zation is an impossibility. Uncertainties aside, these
antalizing results are sure to arouse a vigorous re-
ponse in the olfactory psychophysics community, and
t will be exciting to see how the story of odor source
ocalization unfolds.
In the article by Small et al. (2005), the question of
dor localization was approached from a different per-
pective. These authors used fMRI to examine the neu-
al correlates of orthonasal and retronasal olfaction, as
ell as the influence of food versus nonfood odors. A
entral aim of this study was to determine how the ap-
arent localization of an odor stimulus to the external
r internal (oral) world impacts olfactory coding in the
rain. Prior human imaging studies of retronasal olfac-
ion (Cerf-Ducastel and Murphy, 2001; de Araujo et al.,
003; Small et al., 2004) have been limited by the use
f aqueous odorants placed into the mouth, and none
ermitted direct comparison to orthonasal delivery.
hus, while retronasal stimulation activates numerous
lfactory and gustatory centers, it is unclear whether
hese effects are specific to this delivery route and/or
o oral tactile stimulation. In the current experiment,
mall and colleagues have overcome these obstacles,
sing a clever endoscopic technique (Heilmann and
ummel, 2004) of inserting one set of odor tubes di-
ectly into the external nares (orthonasal delivery) and
nother set into the back of the nasopharynx (retro-
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475nasal delivery). This approach has two distinct ad-
vantages. First, the delivery of vapor-phase odorants
through these tubes precludes the need to present ret-
ronasal odors on the tongue, thereby avoiding oral sen-
sory confounds. Second, as there is a constant flow of
air through both tubes, subjects cannot use airflow
cues alone to localize the odorants.
The study included one food odor (chocolate) and
three nonfood odors (lavender, farnesol, and butanol).
Behaviorally, the route of delivery had no effect on
pleasantness or intensity ratings of the food odor,
though the nonfood odors were rated as more intense
when delivered orthonasally. Critically, subjects local-
ized the retronasal odors to the mouth and the orthona-
sal odors to the tip of the nose, but performed at
chance when asked to localize odorless air. These find-
ings confirm that these authors’ experimental paradigm
successfully sustains the perceptual dichotomy of ex-
periencing retronasal odors as arising in the mouth and
orthonasal odors as arising at the nose.
In one of the more intriguing findings of this study,
a comparison of retronasal versus orthonasal odors
evoked neural responses in the left ventral postcentral
gyrus. The authors suggest that this activity is situated
in the vicinity of the oral somatosensory cortex, reflect-
ing the referral of retronasal olfaction to the mouth area.
It is worth cautioning that, given the limitations of fMRI
spatial resolution and the certain anatomical contiguity
and overlap of oral and nasal receptive fields in facial
somatosensory cortex, it is difficult to confirm this hy-
pothesis. Moreover, the effect was not consistent
across each odor type and could be partially explained
by intensity differences in the nonfood stimuli. None-
theless, it is tempting to conclude that neural re-
sponses in this putative mouth area underlie the per-
ceptual distortion evoked by retronasal stimulation.
Small et al. also focused on the neural interactions
between food and nonfood odors as a function of de-
livery route. Thus, the retronasal (versus orthonasal)
chocolate odor was associated with responses in the
medial orbitofrontal cortex, cingulate cortex, and supe-
rior temporal gyrus, which exceeded responses to
nonfood odors. In turn, orthonasal (versus retronasal)
chocolate odor elicited responses in the caudolateral
orbitofrontal cortex, insula, thalamus, and a region
spanning the posterior piriform cortex and the amyg-
dala. Based on the interesting idea that an orthonasal
food odor represents a state of reward expectation (as
the food is not yet consumed), whereas a retronasal
food odor represents a state of reward fulfillment (since
the food now resides in the mouth), the authors pro-
pose that these activation patterns may signal either
the availability (orthonasal) or the receipt (retronasal) of
food reward, a model that may conform to “wanting”
versus “liking” distinctions in food reward processing
(Berridge, 1996).
An important question to consider in future studies is
whether the route of stimulus delivery has a perceptual
influence on more than just odor localization. As Rozin
(1982) demonstrated, perceived odor quality may also
differ according to whether the stimulus arrives via the
nose or the mouth. It is therefore possible that the neu-
ral dissociations described here partially reflect route-
dependent alterations in odor quality. That is, the per-ceptual quality of retronasal chocolate might be more
“chocolate-y” or more “toasty” than the orthonasal ver-
sion, leading to shifts in the neural activity patterns.
Such effects might be generated by differences in the
direction of airflow across the nasal mucosa. A final
proviso is that because only one food odor was tested,
the generalizability of the results will require confirm-
ation using a larger stimulus set.
The two articles in this issue of Neuron emphasize
the potential importance of spatial cues for odor pro-
cessing in the human brain (a phenomenon rather un-
dervalued in the literature up to this point), and they will
be sure to inspire a new line of inquiry regarding the
behavioral and biological bases of human olfaction.
The thematic convergence of these studies already
raises a number of interesting questions. How might
odor source localization, and its neural substrates, dif-
fer in the presence of food versus nonfood odors, or in
the presence of pleasant versus unpleasant smells? Are
there nostril-specific differences in the efficacy of local-
izing retronasal smells to the mouth? Can the superior
temporal gyrus, as a key region activated in both im-
aging studies, be assigned a unifying role in spatial ol-
faction? How would patients with lesions to this area
perform on the tasks described in these articles? More
generally, will olfactory lateralization tests remain an
appropriate standard for determining whether a given
odorant contains trigeminal properties? Finally, what
are the implications for the Provençal truffle hunt? In
the traditional world of the truffle forests, the dog (or
pig) is king. The evidence presented here suggests that
humans are every bit as well equipped to carry out
the search.
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